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Edited by Michael R. SussmanAbstract Ca2+-dependent protein kinases (CDPKs) play an
essential role in plant Ca2+-mediated signal transduction.
Twenty-nine CDPK genes have been identiﬁed in the rice genome
through a complete search of genome and full-length cDNA dat-
abases. Eight of them were reported previously to be inducible by
diﬀerent stress stimuli. Sequence comparison revealed that all 29
CDPK genes (OsCPK1-29) contain multiple stress-responsive
cis-elements in the promoter region (1 kb) upstream of genes.
Analysis of the information extracted from the Rice Expression
Database indicates that 11 of the CDPK genes are regulated by
chilling temperature, dehydration, salt, rice blast infection and
chitin treatment. RT-PCR and RNA gel blot hybridization were
performed in this study to detect the expression 19 of the CDPK
genes. Twelve CDPK genes exhibited cultivar- and tissue-speciﬁc
expression; four CDPK genes (OsCPK6, OsCPK13, OsCPK17
and OsCPK25) were induced by chilling temperature, dehydra-
tion and salt stresses in the rice seedlings. While OsCPK13
(OsCDPK7) was already known to be inducible by chilling tem-
perature and high salt, this is the ﬁrst report that the other three
genes are stress-regulated. OsCPK6 and OsCPK25 are up-regu-
lated by dehydration and heat shock, respectively, while
OsCPK17 is down-regulated by chilling temperature, dehydra-
tion and high salt stresses. Based on this evidence, rice CDPK
genes may be important components in the signal transduction
pathways for stress responses. Findings from this research are
important for further dissecting mechanisms of stress response
and functions of CDPK genes in rice.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In nature, plants are frequently challenged with adverse bio-
tic and abiotic conditions such as chilling temperatures,
drought, salt and diseases. Plant responses to these stresses in-
volve many active mechanisms including enhanced expression
of stress-inducible genes and accumulation of stress-related
proteins. For example, increased abundance of the late
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doi:10.1016/j.febslet.2007.02.030and stress-responsive transcription factor proteins, as well as
small osmotic molecules, can all help to improve tolerance to
diﬀerent stresses [1–5].
Ca2+ is a second messenger in plant cells. It plays a key role
in regulating the processes from perceiving environmental
stress signals to down-stream gene expression. Plant cells nor-
mally maintain low cytoplasmic Ca2+ levels [6]. A wide-range
of signals such as light, biotic and abiotic stresses and hor-
mones can elicit the elevation of cytoplasmic Ca2+ concentra-
tion [7–11]. Such an increase of cytoplasmic Ca2+
concentration can be recognized as a ‘‘second messenger’’,
which bears speciﬁc biological information and can be specif-
ically recognized and decoded by sensors and relayed into
downstream response processes such as regulation of gene
expression and phosphorylation cascades.
Plant Ca2+ sensors include calmodulin (CaM), calcineurin
B-like (CBL) proteins and Ca2+-dependent protein kinases
(CDPKs) [12–14]. CDPKs are unique Ca2+ sensors in higher
plants and are structurally diﬀerent from Ca2+-regulated pro-
tein kinases in other species. The CDPK protein has four
well-deﬁned domains: N-terminal variable region, Ser/Thr ki-
nase catalytic domain, autoregulatory/autoinhibitory domain
and calmodulin-like domain [15].
The calmodulin-like domain generally contains four EF-
hands to which Ca2+ can be bound. This structure determines
that the activity of CDPKs is dependent on Ca2+ but not on
CaM. When the calmodulin-like domain is not occupied by
Ca2+, the autoinhibitory domain that contains a pseudosub-
strate sequence can interact with the active site of the kinase
domain and inhibit enzyme activity. The binding of Ca2+ to
the calmodulin-like domain can cause structural change in
the autoinhibitory domain and exposure of the active site of
the kinase [16]. The activated CDPKs participate in diﬀerent
signal transduction pathways through phosphorylation of spe-
ciﬁc substrates [17,18].
The CDPKs have been proven to be involved in regulating
plant responses to environmental stresses. Dehydration, chill-
ing temperature, salinity, hormones and pathogenic elicitors
can all induce speciﬁc changes in the expression of CDPK
genes in Arabidopsis, rice and tobacco [19–22]. In 10-day old
rice seedlings, OsCDPK7 expression level is very low but cold
and salt treatments can signiﬁcantly increase the transcription
of OsCDPK7 [23]. Transgenic rice plants over-expressing
OsCDPK7 displayed signiﬁcantly improved tolerance to cold,
salt and drought stresses [23]. NtCDPK2 participates in the
Cf-9/Avr9 gene-for-gene reaction and plays a key role in the
signal pathway of hypersensitive response (HR) inductionblished by Elsevier B.V. All rights reserved.
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by Avr9 can elevate the transcription of NtCDPK2, and induce
the HR, necrotic spots in the leaves. Silencing of NtCDPK2
can reduce and delay the HR after the race-speciﬁc elicitation
in gene-for-gene interaction [24]. This evidence has led to the
prediction that the CDPK genes are associated with molecular
mechanisms that confer plants with increased resistance to abi-
otic and biotic stresses.
CDPKs exist widely in diﬀerent plant species and they are
encoded by a multi-gene family. Arabidopsis has 34 CDPK
genes [25]; corn and tobacco also contain multiple CDPK
genes [15]. Diﬀerent CDPK genes encode diﬀerent CDPK iso-
forms, which participate in diﬀerent signal transduction path-
ways. Asano et al. performed a bioinformatics analysis of the
entire rice genome and identiﬁed 29 CDPK genes [26]. So far,
eight of the rice CDPK genes have been identiﬁed to partici-
pate in signal transduction pathways elicited by stresses. They
regulate responses of rice plants to cold, drought, salt, light,
hormone and pathogenic infection [22,23,26–30]. However,
most CDPK genes of rice (are yet unclear for) have not yet
been deﬁnitively connected with the responses to speciﬁc abi-
otic stresses.
This study focused on the expression features of 29 rice
CDPK genes under abiotic environmental stresses. We started
with searching databases for the distribution of stress-respon-
sive cis-acting regulatory DNA elements (cis-elements) of rice
CDPK genes and then expression data was extracted from
the Rice Expression Database (http://red.dna.aﬀrc.go.jp/
RED). Subsequently, RT-PCR and northern blotting were
performed to compare the expression of the 29 CDPK genes
in diﬀerent rice varieties and seedling tissues under diﬀerent
stress conditions including cold, dehydration and salt.2. Materials and methods
2.1. Rice database search for CDPK genes and their cis-elements
The known CDPK gene sequences were blasted against the database
of the National Center for Biotechnology Information (NCBI, http://
www.ncbi.nlm.nih.gov/BLAST/). The selected candidate DNA se-
quences were then validated in the Rice Genome Automated Annota-
tion System (GAAS, http://ricegaas.dna.aﬀrc.go.jp/rgadb/). Nucleotide
sequences, amino acid sequences, full-length cDNA and EST clone se-
quences were all obtained from this database. CDPK protein struc-
tures and domains were predicted in Motif Scan (http://myhits.isb-
sib.ch/cgi-bin/motif_scan). cis-Elements in the 1-kb upstream region
of CDPK gene were identiﬁed by analyzing the sequences in the Plant
cis-acting Regulatory DNA Elements database (PLACE, http://
www.dna.aﬀrc.go.jp/PLACE/signalscan.html).
2.2. EST expression analysis of rice CDPK genes under diﬀerent stresses
The full-length CDPK cDNA sequences were searched against the
Rice Expression Database (http://red.dna.aﬀrc.go.jp/RED/) by select-
ing the 8987Array-BLAST. Expression data of these ESTs under cold,
drought, salt, pathogen and elicitor treatments were extracted from the
same database (http://red.dna.aﬀrc.go.jp/RED/Search_genes.php). The
expression proﬁles of these EST clones were compared to pre-evaluate
the responsiveness of rice CDPK genes to diﬀerent stresses.
2.3. Preparation of experimental plants and sample collection
Seven cultivars (japonica rice Wuyujing 3, Zhonghua 11 and Nip-
ponbare, and indica rice 1373, Zhenshan 97, 93-11 and IR 24) were se-
lected for preparation of samples for detecting transcript levels of rice
CDPK genes. Germinated seeds were placed on wet ﬁlter papers in Pet-
ri dishes, and incubated under constant temperature of 28 C and pho-
toperiod of 14 h/10 h (L/D) for 10 d. To compare constitutive
expression of CDPKs in diﬀerent cultivars, the 10-day old seedlingswere collected and used for RNA isolation. For the study of tissue-spe-
ciﬁc expression of CDPK genes, seedlings of Wuyujing 3 were trans-
ferred to a hydroponics culture tank. The nutrient solution
contained 1.44 mM NH4NO3, 0.3 mM NaH2PO4, 0.5 mM K2SO4,
1.0 mM CaCl2, 1.6 mM MgSO4, 0.17 mM NaSiO3, 50 lM Fe-EDTA,
0.06 lM (NH4)6Mo7O24, 15 lM H3BO3, 8 lM MnCl2, 0.12 lM
CuSO4, 0.12 lM ZnSO4, 29 lM FeCl3, 40.5 lM citric acid, pH 5.5
[31]. The same hydroponicsnutrient solution was used in the whole
experiment except otherwise stated. Roots, stems, leaves and panicles
were collected when the plants reached the panicle exsertion stage.
After collection, all the samples were stored at 70 C until RNA
extraction.
2.4. Stress treatments of rice seedlings and sample collection
Germinated seeds were placed on wet ﬁlter papers in Petri dishes and
incubated in an incubator of 28 C and 14 h/10 h (L/D) photoperiod
for 10 d, and then subjected to the following treatments. Cold treat-
ment was performed at 4 C using the cold-tolerant cultivar Wuyujing
3 seedlings. Dehydration treatment (selected) was performed using the
drought-tolerant cultivar Zhenshan 97 seedlings, which were trans-
ferred to hydroponics solution supplemented with 20% PEG6000.
For salt treatment, the salt-tolerant cultivar 1373 seedlings were grown
in hydroponics solution containing 200 mmol/L NaCl. Seedlings of
Wuyujing 3 were incubated at 45 C for heat shock treatment. Whole
seedlings were harvested at 0, 0.5, 1, 3, 6, 12 h after initiation of treat-
ment for cold treatment, at 0, 0.5, 1, 3, 6, 12, 24 h after initiation of
treatment for drought and salt treatment, and at 0, 0.5, 1, 3, 6 h after
initiation of treatment for heat shock. After rinsing with ddH2O three
times, the collected samples were blotted dry and stored at 70 C
until RNA extraction.
2.5. Total RNA extraction and reverse transcriptase PCR (RT-PCR)
The samples were manually ground into ﬁne powder under liquid N2
and total RNAwas extracted with TRIZOL reagent following the man-
ufacturer’s instructions (Life Technologies/Gibco-BRL, Cleveland,
USA). First strand cDNA was synthesized using the SuperScript
ﬁrst-strand synthesis kit (Invitrogen, CA, USA). cDNA was ampliﬁed
in a volume of 20 ll containing 1U Taq DNA polymerase, 1· reaction
buﬀer, 20 pmol primer (each), 200 lM dNTP, 1.5 mMMgCl2, and 1 ll
cDNA RT product. PCR products were separated on 0.8% agarose
gels, and photographed under a UV light. PCR products from 25 ther-
mal cycles were checked for each gene. If no product was detected, the
number of thermal cycles was increased (one cycle at a time) until the
products could be detected. If PCR products could not be detected from
the reactions with 38 cycles, the gene was considered to have no detect-
able transcription. The primers (at least one primer sequence is not
from conserved kinase domain) for PCR were designed with Primer 3
software and primer sequences were checked by BLASTn analysis
against rice genome sequence in order to guarantee gene-speciﬁc ampli-
ﬁcations by the primers. The primers for PCR are listed in Table 1.
2.6. RNA gel blot analysis
Twenty micrograms of total RNA was separated on a MOPS-form-
aldehyde agarose gel and transferred onto Hybond N+- nylon mem-
brane in 4·SSC buﬀer. The PCR-ampliﬁed fragments from the rice
cDNA were isolated from the agarose gel and labeled with [a-32P]
dCTP using random-priming [32]. Hybridization was performed at
65 C overnight and signals were detected by exposure to X-ray ﬁlm
[33].3. Results
3.1. cis-Elements in the upstream region of the CDPK genes
cis-Elements can regulate gene expression through interac-
tion with the corresponding trans-regulatory factors. Informa-
tion about cis-elements is important in understanding
mechanisms in regulation of gene expression. By searching
the PLACE database with the 1-kb upstream regions of the
29 rice CDPK genes as queries, we found that at least eight
previously-identiﬁed putative stress-responsive cis-elements
existed in the promoter regions of rice CDPK genes. These
Table 1
PCR primers used in this study
Gene Forward primer Reverse primer
OsCPK1 5 0cactcggtcaacctcatc30 5 0gaagtcagtggccttgag30
OsCPK2 5 0ggagcatctacaccatcg30 5 0ggactgcttgtcctcgta30
OsCPK3 5 0cgtcaagtcgtctcacttcc3 0 5 0gatccatgcacaggtacgtc30
OsCPK4 5 0aaacaacctccctcctcctc3 0 5 0ctctcgtacccgaactccac30
OsCPK5 5 0aagctcatcaccaaggagga3 0 5 0gggcttccaacaacatcagt30
OsCPK6 5 0atgggcaactactactcgtg3 0 5 0acgtacaggttgtcctcgt3 0
OsCPK7 5 0gggtacgttcagggggatag3 0 5 0ggcgcacatcttctacatcc30
OsCPK8 5 0agcagaagaaggcgaacc30 5 0gctgacgatgttcggatg30
OsCPK9 5 0aagtcgacaccgacaaggat3 0 5 0tctcaagcctgaatcgactg30
OsCPK10 5 0cctgcaagtccatcctgaag3 0 5 0agaggaagttctcgggcttg30
OsCPK11 5 0atccagatcatgcaccac30 5 0ggcttgaagaagatggaga3 0
OsCPK12 5 0ctcgtcatggagttctgc30 5 0aagacggagagtccgaag30
OsCPK13 5 0aagctcatcaccaaggagga3 0 5 0gcaggaagttttctggcttg30
OsCPK14 5 0atctacaccgtgggcaag30 5 0ttgctgaggaggaggaag30
OsCPK15 5 0gaggtccacatcatgcac30 5 0cttgaagaagacggagagg3 0
OsCPK16 5 0tgaagactggcacagattgg3 0 5 0tctgcttagtgggtccaagg30
OsCPK17 5 0aataagcccaaggtgagg30 5 0cgagtcctccttatggttg3 0
OsCPK18 5 0caagcatgagttcacgcaat3 0 5 0agctggctagcttcagtcct30
OsCPK19 5 0ggagcaaacggttatggcta3 0 5 0gcgcttagagatggatttgc30
OsCPK20 5 0ggaagaaacagcagcaggag3 0 5 0gcattgtcgtcctcgtaggt30
OsCPK21 5 0gacgtgaagagggaggtg30 5 0ctccatgacgaggtggac30
OsCPK22 5 0gagcaaagcatccatctg30 5 0atctcctgtactgccacct3 0
OsCPK23 5 0gggaacaattaccagaacag3 0 5 0tatctgacacacatcggaga30
OsCPK24 5 0gaggactacgaggacgtgt3 0 5 0gacgatgtggacgaacag30
OsCPK25 5 0acgtactccatcggcaag30 5 0gatgatgcggtcgaagag30
OsCK26 5 0tgaggaaaggatcaggctgt3 0 5 0ctgagcccaacctgaaatgt30
OsCPK27 5 0aacagggttcgggaagaaag3 0 5 0caaccggcaagaaaataagc30
OsCPK28 5 0ctggtggaacaggaaggaga3 0 5 0cgcgacagaacaaacaacag30
OsCPK29 5 0cctcctcctctcttgcccta3 0 5 0agttgcccatcctcttcctc30
actin 5 0ccttaccgacaaccttatga3 0 5 0atggagttgtatgtggcttc30
B. Wan et al. / FEBS Letters 581 (2007) 1179–1189 1181cis-elements included the ABA-responsive EBOXBNNAPA
[34], the light-regulated IBOXCORE [35], the three dehydra-
tion-responsive elements MYBCORE [36–38], MYCATRD22
[39,40] and DRECRTCOREATC [41–43], the cold-responsive
LTRECOREATCOR15 [44,45], the heat shock-responsive
CCAATBOX [46,47], and the defense-responsive WBOX-
ATNPR1 [48,49] (Table 2).
All 29 CDPK genes contained cis-elements that were respon-
sive to multiple stress stimuli (Table 3). Nine CDPK genes con-
tained diﬀerent numbers of cis-elements that are responsive to
six stress stimuli. OsCPK6 contained eight cis-elements, the
most abundant in this group of CDPKs. Eleven CDPK genes
contained the cis-elements responsive to ﬁve stress stimuli.Table 2
The sequence and the function of cis-elements used in this study
cis-Element ID in PLACE cis-Element type Sequence Function featu
EBOXBNNAPA EBOX CANNTG E-box of napA
IBOXCORE IBOX GATAA Conserved sequ
MYBCORE CNGTTR Binding site of
genes and ﬂavo
MYCATRD22 CACATG Binding site fo
ABA response
DRECRTCOREAT DRE/CRT G/ACCGAC Core motif of
element found
LTRECOREATCOR15 LTRE CCGAC Core of low te
CCAATBOX1 CCAATBOX CCAAT CCAAT box f
Located immed
CCAAT box a
WBOXATNPR1 WBOX TTGAC W-box found i
speciﬁcally by
and involved inEight CDPK genes contained the cis-elements responsive to
four stress stimuli. OsCPK12 contained only three cis-elements
for ABA, dehydration and defense responses. As cis-elements
can regulate gene expression and they have been shown to be
responsive to various stresses, each CDPK gene may be impli-
cated in signal transduction in response to multiple stresses.
Among the eight cis-elements, the ABA-responsive element
EBOXBNNAPA was the most frequently distributed in the
CDPK genes. Except for OsCPK20, the other 28 CDPK genes
contained this element. The second most-frequently distributed
element was the light-regulated cis-element IBOXCORE,
which was identiﬁed in 26 CDPK genes. Other less-frequently
distributed cis-elements were the heat-responsive elementre
storage-protein gene of Brassica napus, ABA-responsive element
ence upstream of light-regulated genes of both monocots and dicots
MYB proteins involved in the regulation of dehydration-responsive
noid synthesis genes
r MYC, involved in the regulation of dehydration response and
of dehydration-responsive genes
DRE/CRT (dehydration-responsive element/C-repeat) cis-acting
in many genes in Arabidopsis and in rice
mperature-responsive element (LTRE) of cor15a gene in Arabidopsis
ound in the promoter of heat shock protein genes;
iately upstream from the most distal HSE of the promoter;
ct cooperatively with HSEs to increase the hs promoter activity
n promoter of Arabidopsis thaliana NPR1 gene, recognized
salicylic acid (SA)-induced WRKY DNA binding proteins,
plant defense responses elicited by pathogen attack
Table 3
The number of cis-elements in 1kb upstream region of rice CDPK genes
Genes cis-elements
EBOXBNN-
APA
IBOX-
CORE
MYB-
CORE
MYCATRD22 DRECRTCO-
REAT
LTRECOREATCOR15 CCAATBOX WBOXATNPR1
OsCPK1 10 3 2 1 1 3 1
OsCPK2 4 5 2 1 1 1
OsCPK3 2 2 4 1 1 5 3
OsCPK4 8 7 2 1 1 4
OsCPK5 6 2 1 1 1 5
OsCPK6 14 1 4 1 1 1 2 3
OsCPK7 4 5 1 1 2 1
OsCPK8 6 1 2 4 5
OsCPK9 6 2 1 1 1
OsCPK10 8 2 2 2 2
OsCPK11 6 1 2 2 4 5
OsCPK12 6 1 3
OcCPK13 6 8 2 2 1 1
OsCPK14 6 4 2 1
OsCPK15 14 3 6 1 4 1 3
OsCPK16 12 2 3 2 5
OsCPK17 4 4 4 3
OsCPK18 4 6 2 1 1 2
OsCPK19 10 2 1 1
OsCPK20 6 4 1 1 4 1
OsCPK21 6 1 2 1 1
OsCPK22 8 3 4 1 1 3
OsCPK23 6 4 3 2
OsCPK24 16 3 1 5
OsCPK25 8 2 1 1 1 4 4
OsCPK26 4 2 3 4 4
OsCPK27 14 3 2 2
OsCPK28 14 2 1 2 1 4
OsCPK29 8 3 3 2 4
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ATNPR1, and the cold-responsive element LTRECOR-
EATCOR15. Among the three dehydration-responsive
cis-elements (MYBCORE, MYCATRD22 and DRECRTCO-
REAT), MYBCORE appeared most frequently, existing in 25
CDPK genes, while DRECRTCOREAT and MYCATRD22
were found in ten and seven CDPKs, respectively.
3.2. Transcriptome database search for the expression of CDPK
genes under stress conditions
By searching the Rice Expression Database (RED, http://
red.dna.aﬀrc.go.jp/RED/) using the full-length cDNA se-
quences of rice CDPK genes as queries, 11 EST clones that
matched CDPK gene sequences (corresponding to 11 rice
CDPK genes) were identiﬁed. Information from these ESTs
can provide us with some preliminary information on the
expression of these CDPK genes.
Figure 1 presents the expression data of the 11 ESTs of rice
CDPK genes under cold, dehydration, high salt, and chitin
elicitor treatments, and upon rice blast infection. The experi-
mental ID for the array analysis of these 11 ESTs is listed in
Table 4. Eleven ESTs had a minimum 2-fold diﬀerence in tran-
script level after exposure to more than two stressors when
compared to the control. OsCPK13, OsCPK21, OsCPK23
and OsCPK29 were signiﬁcantly induced by four stresses and
suppressed by one stress; OsCPK20 and OsCPK24 were in-
duced by cold; OsCPK7, OsCPK15, OsCPK17 and OsCPK20
were up-regulated by salt stress; OsCPK2, OsCPK15,
OsCPK17, OsCPK20 and OsCPK24 were strongly induced
by rice blast infection; and OsCPK7 was suppressed by riceblast infection. Besides being regulated by stress stimuli,
expression of CDPKs is also aﬀected by diﬀerent developmen-
tal stages and tissue types of the rice seedlings. Figure 2 pre-
sents the transcript abundance of four CDPK genes
(OsCPK7, OsCPK15, OsCPK20 and OsCPK29) under
50 mM NaCl salt stress. In 7-day old leaves, the relative
expression value of both OsCPK7 and OsCPK15 was close
to 1, which indicates that these two genes are not regulated
by salt stress at this stage. In 24-day old leaves, the relative
expression level is <1 for OsCPK7 and >3 for OsCPK15, which
indicates a down-regulation for the former gene and up-regu-
lation for the latter one. The diﬀerence in the relative expres-
sion between 7-day and 24-day old leaves suggests that the
responses of OsCPK7 and OsCPK15 to salt stress are aﬀected
by developmental stage. In addition, the responses of OsCPK7,
OsCPK15 and OsCPK29 to salt stress are found to be tissue-
speciﬁc. In the 7-day old seedlings, salt treatment has no eﬀect
on the expression of OsCPK7 and OsCPK15 in leaves, but
these two genes are up-regulated in roots. OsCPK29 is
down-regulated in leaves, but up-regulated in roots. In con-
trast, OsCPK20 is up-regulated by salt stress in roots and
leaves of 7-day old and 24-day old seedling, which exhibits
no obvious development and tissue diﬀerence.
3.3. Expression level of rice CDPK genes by Northern blot and
RT-PCR analysis
By RNA gel blot hybridization and RT-PCR analysis, 19
rice CDPK genes were detected in this study. These genes
include OsCPK1, OsCPK2, OsCPK4, OsCPK6, OsCPK7,
OsCPK8, OsCPK9, OsCPK10, OsCPK12, OsCPK13,
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Fig. 1. Expression proﬁle of 11 rice CDPK genes under various environmental stresses. The genes in (A) include OsCPK2, OsCPK7, OsCPK9,
OsCPK13, OsCPK15 and OsCPK17; the other genes, OsCPK20, OsCPK21, OsCPK23, OsCPK24 and OsCPK29 are listed in (B). In brackets of
legends is the accession number of genes in RED.
Table 4
The experimental ID of OsCDPK EST array in RED used in this study
Gene (EST accession
number)
Cold Drought Salt Pathogen Elicitor
OsCPK2(AU172459) 2108_1_C0001_T0002 2101_2_C0001_T0004 2102_2_C0003_T0005 2123_2_C0002_T0002 2115_2_C0001_T0002
OsCPK7(C22370) 2108_1_C0001_T0001 2101_2_C0001_T0004 2102_2_C0104_T0004 2123_2_C0001_T0006 2115_2_C0101_T0002
OsCPK9(AU174767) 2207_2_C0003_T0002 2101_2_C0001_T0004 2102_2_C0103_T0003 2133_2_C0001_T0005 2115_2_C0301_T0001
OsCPK13(AU057068) 2101_2_C0002_T0005 2101_2_C0002_T0003 2102_2_C0002_T0003 2133_2_C0001_T0005 2115_2_C0101_T0002
OsCPK15(D48767) 2101_2_C0001_T0005 2101_2_C0001_T0003 2103_1_C0001_T0001 2123_2_C0004_T0003 2115_2_C0001_T0002
OsCPK17(D24372) 2124_2_C0001_T0001 2101_2_C0001_T0004 2102_2_C0001_T0002 2123_2_C0004_T0003 2115_2_C0301_T0002
OsCPK20(C22592) 2108_1_C0001_T0001 2101_2_C0001_T0004 2103_1_C0001_T0001 2123_2_C0002_T0003 2115_2_C0201_T0002
OsCPK21(C22388) 2207_2_C0001_T0001 2101_2_C0001_T0004 2102_2_C0002_T0001 2122_2_C0401_T0001 2115_2_C0301_T0001
OsCPK23(C22539) 2126_1_C0001_T0001 2101_2_C0002_T0004 2103_2_C0001_T0003 2123_2_C0001_T0003 2115_2_C0001_T0001
OsCPK24(AU173142) 2207_2_C0002_T0002 2101_2_C0002_T0003 2102_2_C0001_T0003 2123_2_C0004_T0003 2115_2_C0201_T0002
OsCPK29(C22514) 2207_2_C0002_T0001 2101_2_C0001_T0004 2102_2_C0103_T0001 2122_2_C0201_T0003 2115_2_C0101_T0002
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OsCPK23, OsCPK24, OsCPK25 and OsCPK29. The other
genes may also have been expressed but, if so, it was below
the detectable level. In addition, six genes (OsCPK4, OsCPK6,
OsCPK9, OsCPK10, OsCPK19 and OsCPK29) were observed
to have diﬀerent transcript levels among the selected cultivars
Wuyujing 3, Nipponbare, Zhonghua 11, 9311, Zhenshan 97
and IR24 (Fig. 3).
RNA gel blot hybridization was performed to analyze the
expression of CDPK genes in roots, stems, leaves and paniclesat the panicle extension stage of Wuyujing 3. The results sug-
gested that the expression of rice CDPK genes is also tissue-
speciﬁc (Fig. 4). The CDPK genes can be classiﬁed into seven
groups according to their expression patterns (Fig. 4). The ﬁrst
group includes OsCPK1, OsCPK6, OsCPK7, OsCPK8,
OsCPK13, OsCPK17 and OsCPK23. These genes were consti-
tutively expressed in roots, stems, leaves and panicles. The sec-
ond group of genes, including OsCPK15, OsCPK16 and
OsCPK19, were expressed in stems, leaves and panicles. The
third group of genes, including OsCPK4 and OsCPK14, were
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Fig. 3. The expression of rice OsCDPK genes in diﬀerent varieties. (1)
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Fig. 4. Tissue-speciﬁc expression of rice CDPK genes. Group I:
OsCPK1, OsCPK6, OsCPK7, OsCPK8, OsCPK13, OsCPK17,
OsCPK23; Group II: OsCPK15, OsCPK16, OsCPK19; Group III:
OsCPK4, OsCPK14; Group IV: OsCPK12; Group V: OsCPK9; Group
VI: OsCPK10, OsCPK24, OsCPK29; Group VII: OsCPK2.
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group has only one gene OsCPK12 and it was expressed
mainly in leaves and panicles. The ﬁfth group contains
OsCPK9, which was expressed mainly in leaves and stems.
The sixth group of genes (OsCPK10, OsCPK24 and OsCPK29)
were expressed mainly in roots. The last group includes
OsCPK2, which was mainly expressed in panicles.
To identify stress responsiveness of the rice CDPK genes, 29
CDPK genes were compared for their transcripts level in the
seedlings exposed to cold, drought, salt stress and heat shock.
Transcripts from 17 CDPK genes were detected. These genes
are OsCPK1,OsCPK4,OsCPK6,OsCPK7,OsCPK8,OsCPK9,
OsCPK10, OsCPK13, OsCPK14, OsCPK15, OsCPK16,
OsCPK17, OsCPK19, OsCPK23, OsCPK24, OsCPK25 and
OsCPK29. Among them, four genes including OsCPK6,
OsCPK13 (not shown in Fig. 5), OsCPK17 and OsCPK25 were
found to be regulated diﬀerently by the stresses (Fig. 5).
OsCPK6 andOsCPK25were up-regulated by drought and heat,respectively (Fig. 5A, B), and OsCPK17 was down-regulated by
cold, drought and salt (Fig. 5C). Beside the known stress-induc-
ible gene OsCPK13 (OsCDPK7) [21], OsCPK6, OsCPK17 and
OsCPK25 were identiﬁed to be responsive to stress treatments
in this study. These results indicate that these four genes may
be important in stress signal transduction in rice.4. Discussion
The analysis of the rice CDPK gene family was initiated in
2004 for this study and 29 candidate genes were identiﬁed in
rice genome. Structure and sequences for most of the CDPKs
45ºC heat treatment  
28S RNA 
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0h 1h 3h 6h 12h 
Drought treatment 
OsCPK6
28S RNA 
0h 0.5h 1h 3h 6h 
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Cold
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28S RNA 
C
Fig. 5. The expression of OsCPK6, OsCPK17 and OsCPK25 under
diﬀerent stress environments. (A) OsCPK6 is up-regulated by drought;
(B) OsCPK25 is induced by 45 C heat treatment; and (C)OsCPK17 is
down-regulated by cold, drought and salt stimuli.
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analysis, OsCPK28 was found to have three EF-hands while
this kinase protein was reported to have four EF-hands by
Asano et al. [26]. We are currently working on deﬁning the
causes for this diﬀerence history of the databases.
Plant CDPK genes play important roles in Ca2+-mediated
signal pathways elicited by environmental stresses. However,
functions of most genes in the CDPK family have not been well
deﬁned. This study has initiated analysis of the entire rice
CDPK gene family for their expression features under normal
growth and exposure to diﬀerent abiotic environmental stres-
ses. We have obtained some basic information on the stress-
responsive characteristics of these CDPK genes and have iden-
tiﬁed three stress-inducible CDPK genes that were not reported
before. The results can provide some clues for understanding
of the roles of CDPK genes and molecular mechanisms of
stress responses in rice. Table 5 is a summary of the transcrip-
tional features of the CDPK genes from previous and present
research [22,23,26–30].
4.1. Analysis of the cis-elements can provide the preliminary
information on the function of the CDPK genes
cis-Elements play a key role in the regulation of gene expres-
sion. Through interaction with the corresponding trans-regula-
tory factors, the cis-elements can control the eﬃciency of the
promoter and thus regulate the expression of the genes they
control. Studies on cis-elements can provide a crucial founda-
tion for further functional dissection of the rice CDPK gene
family.This study has provided evidence that the upstream regions
of all 29 CDPK genes contain multiple diﬀerent stress-respon-
sive cis-elements including EBOXBNNAPA, MYBCORE,
MYCATRD22, DRECRTCOREATC, LTRECOREAT-
COR15, CCAATBOX, IBOXCORE and WBOXATNPR1
(Table 3). These cis-elements play important roles in regulating
expression of genes in response to ABA, dehydration, low tem-
perature, heat shock and light and pathogen elicitors (Table 2)
[34–49].
Among the eight cis-elements, the ABA-responsive element
EBOXBNNAPA is the most widely distributed in the rice
CDPK genes. This result may be associated with the key roles
of ABA in plant metabolism. ABA is the primary hormone
that mediates plant responses to stresses such as cold, drought
and salinity [50,51]. In fact, CDPKs are believed to be impor-
tant in ABA-signal pathway. Arabidopsis CDPKs AtCPK10
and AtCPK30 have been demonstrated to activate a stress-
and ABA-inducible promoter, which indicates the correlation
of CDPKs with the ABA-signaling pathway [52]. Tobacco
NtCDPK1 and Arabidopsis AtCPK32 are induced at the tran-
scriptional level by ABA [20,53]. ABA has been shown to acti-
vate ACPK1 and enhance kinase activity in grape [54]. Similar
to EBOXBNNAPA, the light-regulated element IBOXCORE
also exists in most of the rice CDPK genes. The wide distribu-
tion of IBOXCORE is involved with the function of light for
regulating many physiological and biochemical processes in
growth and development. Dehydration is a major stress for
plant cells upon exposure to low temperature, drought and
high salinity. In this study, three dehydration-related cis-ele-
ments, MYBCORE, MYCATRD22 and DRECRTCORERT,
are found to exist in the promoters of some rice CDPK genes.
MYBCORE and MYCATRD22 are important cis-elements
for MYB and MYC proteins [36,37,39,40]. There is increasing
evidence that a large number of MYB and MYC proteins are
involved in the regulation of stress-responsive genes [38,39].
DRECRTCORERT is a dehydration-responsive element
DRE/CRT (dehydration-responsive element/C-repeat) [41–
43]. The transcription factors DREBs/CBFs speciﬁcally inter-
act with DRE/CRT and control the expression of many
stress-inducible genes in Arabidopsis [55–57]. The rice DREB
has been demonstrated to regulate cold-, drought- and salt-
responsive genes [41,58,59]. LTRECOREATCOR15 is a low
temperature-responsive element (LTRE) and is required for
the expression of genes cor15a and BN115 under cold stress
[44,45]. CCAATBOX acts synergistically with the neighboring
heat shock element (HSE) to regulate expression of the heat
shock protein genes [46].
WBOXATNPR1 was ﬁrst identiﬁed from the promoter re-
gion of the NPR1 gene in Arabidopsis. It can be recognized
and bound speciﬁcally by the salicylic acid (SA)-induced
WRKY DNA binding proteins [48]. These WRKY proteins
are believed to be important in plant defense reactions [60–62].
The existence of these cis-elements in rice CDPK genes and
their key roles in regulating gene expression suggest that
CDPKs may participate in multiple stress-responses in rice.
In fact, many rice CDPK genes have been demonstrated to
be responsive to various stresses Table 5 [22,23,26–30].
The cis-element analysis may provide some indirect evidence
for the functional dissection of CDPK genes in stress re-
sponses. For example, OsCPK13 and OsCPK15 have 12 and
11 cis-elements in responsive to dehydration and low tempera-
ture, respectively, and have been tested experimentally in
Table 5
Expression features of rice CDPK genes in various tissues and in responsive to various stress stimuli
Name Expression feature References
Tissue -speciﬁcity Stress responses Stress experiments
OsCPK1 Roots, stems, leaves and panicles No Cold, drought and salt This study
OsCPK2 Panicles Yes Rice blast Rice expression database
(RED; http://red. dna.aﬀrc.go.jp/RED/)
OsCPK3 Not detected in this study
OsCPK4 Roots, stems and leaves No Cold, drought and salt This study
OsCPK5 Not detected in this study
OsCPK6 Roots, stems, leaves and panicles Yes Drought This study
OsCPK7 Roots, stems, leaves and panicles Yes Salt, rice blast and chitin Rice expression database
(RED; http://red. dna.aﬀrc.go. jp/RED/)
Low temperature, GA,
jasmonic acid and seed
development
Abbasi et al; Yang et al.;
Akimoto-Tomiyama et al.;
Frattini et al. [20,25,27,28]
OsCPK8 Roots, stems, leaves and panicles No This study
OsCPK9 Leaves and stems Yes Rice blast Asano et al. [24]
OsCPK10 Roots No Cold, drought and salt This study
OsCPK11 Not detected in this study
OsCPK12 Leaves, panicles No This study
OsCPK13 Roots, stems, leaves and panicles Yes Cold, drought, salt,
rice blast and chitin
Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
Cold, salt/drought Saijo et al. [21]
OsCPK14 Roots, stems and leaves No This study
OsCPK15 Stems, leaves and panicles Yes Cold, salt,
rice blast and chitin
Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
Elicitor Akimoto-Tomiyama et al. [28]
OsCPK16 Stems, leaves and panicles No This study
OsCPK17 Roots, stems, leaves and panicles Yes Cold, drought and salt This study
Rice blast and chitin Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
OsCPK18 Not detected in this study
OsCPK19 Stems, leaves and Yes Light/seed Breviario et al. [26]
panicles development Frattini et al. [27]
OsCPK20 Not detected in this study Yes Cold, salt, rice blast and chitin Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
OsCPK21 Not detected in this study Yes Cold, drought, salt,
rice blast and chitin
Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
Elicitor Akimoto-Tomiyama et al. [28]
OsCPK22 Not detected in this study
OsCPK23 Roots, stems, leaves and panicles Yes Cold, drought, salt,
rice blast and chitin
Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
Jasmonic acid Akimoto-Tomiyama et al. [28]
OsCPK24 Roots Yes Cold, rice blast and chitin Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
Elicitor Akimoto-Tomiyama et al. [28]
OsCPK25 Not detected in this study Yes Heat shock This study
OsCPK26 Not detected in this study
OsCPK27 Not detected in this study
OsCPK28 Not detected in this study
OsCPK29 Roots Yes Cold, drought, salt,
rice blast and chitin
Rice expression database
(RED; http://red.dna.aﬀrc.go.jp/RED/)
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ever, it would be unrealistic to accurately predict gene function
only based on cis-element information, as gene expression is a
complex process. In fact, we have found that some cis-elements
do not always correlate with the expression of CDPK genes.
For example, OsCPK7 possesses the ABA-responsive cis-ele-
ment EBOXBNNAPA (Table 3), but this gene cannot be in-
duced by ABA [27].
This may be due to diﬀerences in the functions of cis-ele-
ments and trans-regulatory factors between rice and other
plant species. Some of the cis-elements were ﬁrst identiﬁed
from rice although they have been observed in many other
plant species. With the exception of DRE/CRT, the other
cis-elements have not been demonstrated to interact with spe-
ciﬁc trans-regulatory factors in rice. In addition to cis-ele-ments, gene expression is aﬀected by many other factors,
such as plant tissue, developmental stage and interaction be-
tween stresses. Therefore, the function of some cis-elements
in regulation of stress-responsive genes including CDPKs can
be compromised under certain conditions.
4.2. Expression patterns of rice CDPK genes
Some research has suggested that expression of CDPK genes
is tissue-speciﬁc [29,63,64]. This study also found that CDPK
gene expression varied among diﬀerent rice tissues, which
agrees with the ﬁndings of Asano et al. [26]. OsCPK19
(OsCDPK2) and OsCPK8 expressed in panicles, indicating
that these two genes may be involved in signal transduction
in panicles. OsCK19 (OsCDPK2) has been shown to partici-
pate in the regulation of seed development [29,65]. Transgenic
B. Wan et al. / FEBS Letters 581 (2007) 1179–1189 1187plants with overexpression of this gene have normal ﬂoral or-
gans and pollen, but lower seed-set [29,65]. We used RNAi to
suppress the expression of OsCPK8 in rice. The transgenic
plants have infertile pollen, which correlates with the expres-
sion of this gene in panicles (unpublished data). OsCPK10,
OsCPK24 and OsCPK29 may be involved in signal transduc-
tion in roots as these genes are mainly detected in root tissue.
This study revealed that the abundance of mRNA transcripts
for a few CDPKs is diﬀerent among cultivars. However, we
have not been able to identify the connection between these
cultivar traits and the CDPK genes.
CDPK genes have been implicated to act as key regulators in
stress signal transduction in plants. Some stress-related CDPK
genes have been identiﬁed from rice (Table 5) [22,23,26–30].
OsCDPK7 gene is induced by chilling temperature and high
salt. Overexpression of OsCDPK7 can enhance tolerance of
transgenic rice plants to cold, drought and salt [23]. Chilling
temperature can increase mRNA accumulation of OsCDPK13
in rice calli and leaf sheath, and the expression level of
OsCDPK13 is higher in cold-tolerant cultivars than in cold-
sensitive ones [27]. We have compared 11 rice CDPK ESTs un-
der drought, salt, cold, rice blast infection and chitin treatment
and found that each gene is induced by speciﬁc environmental
stresses at the transcriptional level (Fig. 1). Our ﬁndings indi-
cate that rice CDPK genes are extensively involved in stress re-
sponses, which correlates with the wide distribution of stress-
responsive cis-elements in rice CDPK genes. The gene showing
the most obvious changes of expression level is OsCPK20. The
transcription level of this gene showed more than 30-fold
change after either rice blast infection or chitin application.
In addition, we have identiﬁed three genes (OsCPK6,
OsCPK17 and OsCPK25) to be stress-inducible in this study.
These stress-inducible genes may be very important for stress
tolerance of rice.
We have also noticed that the results from cDNA micro-
array do not always agree with the results of northern blot
analysis. The database (based on microarray hybridization
information) shows that most CDPK genes are stress-induc-
ible, but we could not detect all of these genes with RT-PCR
and northern blot analysis. In addition, the 29 rice CDPK
genes all have the corresponding full-length cDNA or EST
clones, but we observed expression of only 19 rice CDPK genes
in this study. Similarly, Asano et al. [26] reported transcription
of only 14 rice CDPK genes. This study has shown that some
CDPK genes are speciﬁcally expressed under certain environ-
mental conditions, which may partially explain the discrepancy
between the database information and the RNA gel blot re-
sults. We performed gene expression analysis for only a few se-
lected developmental stages and tissues as well as under some
stress stimuli. The treatments and tissues are not exactly the
same as those used for the proﬁling analysis in RED. In addi-
tion, the sensitivity and reliability of diﬀerent analysis proce-
dures can also have some impact on the results.4.3. Rice stress tolerance and the expression of CDPK genes
Rice is one of the most important food crops in the world.
Stress tolerance in rice has been a major research focus for
molecular biology, genetics and breeding, etc. Plant CDPKs
play key roles in environmental stress signal transduction,
and they are among the most extensively studied targets in
plant stress molecular biology.There is mounting research evidence supporting the idea that
multiple CDPK genes are induced by diﬀerent environmental
stresses and participate in Ca2+-mediated signal transduction
and gene regulation during stress response processes
[23,24,27,52]. This information has provided the bases for
the functional studies of CDPK genes in stress resistance. Saijo
et al. [21] found that OsCDPK7 are induced by cold and salt.
OsCDPK7 regulates downstream genes such as rab16a, salt
and wsl18, and controls the cellular response to stresses in rice.
Transgenic rice with overexpression of OsCDPK7 exhibits en-
hanced tolerance to cold, salt and drought [23]. Abbasi et al.
[27] showed that cold tolerance of rice plants is directly corre-
lated with the expression level of OsCDPK13 [27]. The stress-
inducible CDPK genes identiﬁed from this research may confer
stress tolerance in rice. However, further study is needed to dis-
sect their regulatory mechanisms. Studies on the stress-regula-
tion of CDPK genes will help us to understand the functions of
these genes in stress responses and induction of tolerance in
rice. This knowledge will be useful to improve the tolerance
of rice to environmental stresses and ensure high and stable
yield of rice.
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